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EXECUTIVE SUMMARY

Molten salts are being considered as coolants for the Next Generation Nuclear Plant (NGNP) in
both the reactor and the heat transport loop between the reactor and the hydrogen production
plant because of their superior thermophysical properties compared to helium. Because specific
molten salts have not been selected for either application, four separate molten salts were
implemented into the RELAPS5-3D/ATHENA computer program as working fluids. The
implemented salts were LiF-BeF, in a molar mixture that is 66% LiF and 34% BeF,, respectively,
NaBF,-NaF (92% and 8%), LiF-NaF-KF (11.5%, 46.5%, and 42%), and NaF-ZrF, (50% and
50%). LiF-BeF; is currently the first choice for the primary coolant for the Advanced High-
Temperature Reactor, while NaF-ZrF, is being considered as an alternate. NaBF,-NaF and LiF-
NaF-KF are being considered as possible coolants for the heat transport loop.

The molten salts were implemented into ATHENA using a simplified equation of state based on
data and correlations obtained from Oak Ridge National Laboratory. The simplified equation of
state assumes that the liquid density is a function of temperature and pressure and that the liquid
heat capacity is constant. The vapor is assumed to have the same composition as the liquid and is
assumed to be a perfect gas.

The implementation of the thermodynamic properties into ATHENA for LiF-BeF, was verified
by comparisons with results from a detailed equation of state that utilized a soft-sphere model.
The comparisons between the simplified and soft-sphere models were in reasonable agreement
for liquid. The agreement for vapor properties was not nearly as good as that obtained for liquid.
Large uncertainties are possible in the vapor properties because of a lack of experimental data.
The simplified model used here is not expected to be accurate for boiling or single-phase vapor
conditions. Because neither condition is expected during NGNP applications, the simplified
equation of state is considered acceptably accurate for analysis of the NGNP.

il



CONTENTS

EXECUTIVE SUMMARY ...oootiiieiee ettt ettt ettt steestesse s esesseessessesssensasssessensesssensenses il
TABLES ...ttt ettt ettt ettt b ettt sa et e st et et e ent e beeteenbe s e estenseeseentenseeseentens vi
FIGURES ..ottt ettt ettt b ettt et et e e a e et e e aeese e b e e st eneesseeneeneensesseeneans vi
NOMENCLATURE ...ttt ettt ettt b et st et e b e ebeeneense e st eneenes vii
1. INTRODUCTION ...ttt ettt ettt et et ee et et e e bt et e e st enteseeneeneesneeneensenees 1
2. FLUID PROPERTIES ...ttt sttt ettt et et sttt te et et e s et e neenee e 2
2.1 Liquid Thermodynamic ProOperties ..........ccccuerierieriieeiiieiieritenite st eieesieeseeeseee e eeeens 2
2.2 Vapor Thermodynamic PTOPerties .........cocererieririeniinirienienteie ettt 5
2.3 Saturation LINE.........cocuieiiieiiieiieiierite sttt ettt ettt et s ettt e bt et esbeesatesatesneeenneens 7
2.4 TranSPOTt PrOPEIICS.....cccviiciieriiiiieriiesieeeteeteeteesteeseesttesereesbeesseesseessaesssesssessseessaessaesseens 9
3 VERIFICATION ...ttt ettt ettt ettt et e e st e st e st e st et e seeemeenteeneeneennens 12
3.1 ThermodynamicC PrOPEItIES.......ccccvverviriiiiiiiierieeseesieeseeere e esreereeseesereseresesessseesses 13
3.2 TranSpOrt PrOPEILICS . ....ccuiiviieriierierieeteereeteeteesteeseresereesseeseesreesseessnesssessseesseesssesssensns 20
4. CODE MODIFICATIONS . .....oo ettt ettt ettt te sttt ste st esesseesbessesssenseeseessenseessensenss 21
5. QUALITY ASSURANCE.......cci ettt ettt ettt ettt be st esse s e essesseensensesssensansens 22
6. CONCLUSIONS ...ttt ettt ettt et et e st e st et e ese e sesseesbessesssesseeseessesseassensesssansensesssensansens 22
7. REFERENCES .......ooii ittt st ettt ettt et e sessaessesteesbeseeseensasseensensesssensansens 23



oA kWD =

S A o e

TABLES

Constants for Salt HQUIAS ......cceccieriieiiiiiiiiiierieeesee et ere et sr e b e b e e e e sraeseaessseesseessaens 3
Parameters fOr Vapor COMPONENLS .........c.ecvverieiieeiriereesieestesresreeseesseessaesesessseesseessessseessnesseans 6
Constants fOr SAIL VAPOTS .....oecuiirieiieiieeieeit ettt te et ettt e st e st ente e beebeesbeesaeeenseeseans 6
Saturation liNe CONSTANLS......c..ccueouiiiiiiriinirtee ettt 8
Values for the triple and Critical POINTS .......c.ccovevviiiiiciiiiicieee et er e 9
Reference values for specific internal energy and specific entropy .........cceeceeveveevieeneeneerieeeeens 9
Constants for transport properties of HqUid.........ccoeveerieriiniiieiieeeeeee e 10
Constants for SUIfaCce tENSION. .......cc.erviiiiiiiieirireerc et 10
Parameters for calculating the dynamic viscosity of the vapor components...............ccceenen.e. 11
FIGURES
Specific volume of saturated LiF-BeF, iquid..........ccccoevieiiiiiiiiiiiiiieeeteeee e 13
Specific internal energy of saturated LiF-BeF, liquid..........cccoovieniiniiiniiiiiiieeeeeceees 13
Coefficient of thermal expansion of saturated LiF-BeF, liquid ........ccccoovveveviiiiiiiiiciee, 14
Isothermal compressibility of saturated LiF-BeF, liquid .......cccooceeiiieniiniiniieeeiesiceeee 14
Specific heat capacity at constant pressure of saturated LiF-BeF, liquid .........cccccoocvriveinnen. 14
Specific entropy of saturated LiF-BeF; liquid........c.cccoevvieviiiiiiiiiciecieceeeeee e 15
Specific volume of saturated LiF-BeF; VaApOT........ccccovveviiiiiiiieiieieeecee e 15
Specific internal energy of saturated LiF-BeF, vapor.........ccoccovviieiiieiiiiieneeeeeeeeeeiee 16
Coefficient of thermal expansion of saturated LiF-BeF; vapor .........cccccoeevvevieviiivienieciecn, 16
. Isothermal compressibility of saturated LiF-BeF, vapor...........ccccceeevieviieviienienienieeieereeiens 17
. Specific heat capacity at constant pressure of saturated LiF-BeF, vapor...........cccocceeveeveenenne 17
. Specific entropy of saturated LiF-BeF, VapOr.........cccoociiiiiniiniieiieie e 17
. Specific volume of saturated HQUIAS ......c.ccoveriieiieiciieiieecrierre et reereesreeseaesene e 18
. Specific internal energy of saturated [iqUids ..........ccceerieriiriiieiiieieeee et 18
. Coefficient of thermal expansion of saturated liquids...........ccecueeeiierieniiiniiiieeeeeeee e 18
. Isothermal compressibility of saturated HQUIAS..........cccevevereiiecrieiieieierre e 18
. Specific heat capacity of saturated HQUIAS ......c.ccovvevierieriiieiieii e 18
. Specific entropy of saturated HQUIAS ........cccceerieriiiiiiriieee e 18
. Specific volume of Saturated VAPOTS ......c.cccvveriieiieeiieiieieeie e e e ereesteesresreereesreessaessneens 19
. Specific internal energy of saturated VAPOTS ..........ccceeiieeiieriieniiesiesre et ere e sreereereeeeens 19
. Coefficient of thermal expansion of saturated VapOTS .........ccccceereerieriiieiiienienieeie e 19
. Isothermal compressibility of saturated VAPOTS .........cccceeviierieriieniieie et 19
. Specific heat capacity at constant pressure of saturated Vapors ..........cccevevveriencreecreereennenns 19
. Specific entropy of Saturated VAPOTS .....cc.eeceeriirieiiiriiienieetenieeitete ettt ettt eaeens 19
. Saturation lines for the Molten SaltS ...........ccoeiiiiiiiiiriiie e 25
. Dynamic viscosity of the liquid SIS .........cccecvveiiiiiriieriesiecie et 26
. Thermal conductivity of the liquid SIS .........cceevvieviierieiiieie e 27
. Dynamic viscosity Of the VAPOTS .......ccecierieriiiiiiiieiiesiee ettt ettt 28
. Thermal conductivity 0f the VAPOTS ......ccceevciiriiiiiieriierie ettt 29
- SUITACE TENSION ...iiiiiiitirietet ettt ettt ettt sa e bt a e 30

vi



Symbol

S W >

'UOZ

£w<Ee gROTHER

ke

2

=

A

/K

NOMENCLATURE

Parameter

Constant that depends on the salt composition
Constant that depends on the salt composition
Specific heat capacity at constant pressure (J/kg-K)
Molar specific heat capacity at constant pressure (J/mole-K)
Thermal conductivity (W/m-K)

Molecular weight (g/mole)

Temperature (K)

Pressure (Pa)

Heat per unit mass (J/kg)

Gas constant (J/kg-K)

Universal gas constant (8.31434 J/mole-K)
Specific entropy (J/kg-K)

Specific internal energy (J/kg)

Specific volume (m’/kg)

Volume of the solid phase at melting (cm*/mole)
Work per unit mass (J/kg)

Mole fraction

Mass fraction

Coefficient of thermal expansion (1/K)
Isothermal compressibility (1/Pa)
Potential constant (K)

Dynamic viscosity (Pa-s)

Density (kg/m”)

Surface tension (N/m)

o

Collision diameter, A
Weighting factor
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1. INTRODUCTION

The RELAP5-3D“ program (INEEL 2003) is being developed to simulate thermal-hydraulic
transients in reactor systems that use light water as the working fluid. The ATHENA code is
incorporated as a compile-time option in RELAPS5-3D that generalizes the capability of the code
to simulate systems that use working fluids other than water. Molten salts are being considered
as coolants for the Next Generation Nuclear Plant (NGNP) in both the reactor and the heat
transport loop between the reactor and the hydrogen production plant because of their superior
thermophysical properties compared to helium. Because specific molten salts have not been
selected for either application, four separate molten salts were incorporated into ATHENA as
working fluids. The salts incorporated into ATHENA were LiF-BeF, in a molar mixture that is
66% LiF and 34% BeF,, respectively, NaBF,-NaF (92% and 8%), LiF-NaF-KF (11.5%, 46.5%,
and 42%), and NaF-ZrF, (50% and 50%). The salts LiF-BeF, and LiF-NaF-KF are also known as
Flibe and Flinak, respectively. LiF-BeF, is currently the first choice for the primary coolant for
the Advanced High-Temperature Reactor, while NaF-ZrF, is being considered as an alternate
(Ingersoll et al. 2004). NaBF,-NaF and LiF-NaF-KF are being considered as possible coolants
for the heat transport loop. The primary range of interest for NGNP applications is from 773 to
1273 K.

The implementation of a new fluid into ATHENA is generally performed using a detailed
equation of state to generate fluid properties. Chen et al. (1992a) developed an equation of state
for LiF-BeF, based on a soft-sphere model. The soft-sphere model was used to generate LiF-
BeF, properties for use in the fusion safety program (Moore 2000). The fusion property
generator was easily converted for use with ATHENA. However, preliminary applications of the
fusion generator resulted in non-convergence when the pressure exceeded 2.4 MPa. The non-
convergence was not a problem for fusion applications, where the primary interest was at low
pressure, but was of concern for NGNP applications, where higher pressures could be obtained
during transients. Consequently, the molten salts were implemented into ATHENA using a
simplified equation of state based on data obtained from Oak Ridge National Laboratory
(ORNL). The simplified equation of state, which was similar to one used by Sabharwall et al.
(2004) in an older version of ATHENA, was easily extended to higher pressures and
temperatures. Furthermore, the simplified equation of state was easily converted to represent the
other molten salts (NaBF,-NaF, LiF-NaF-KF, and NaF-ZrF,) for which no detailed equation of
state was available.

The use of a simplified equation of state for implementing the molten salts into ATHENA was
complicated by a lack of experimental data. For example, vapor pressure curves were available
for only two of the four salts and property data for the vapor phases were non-existent. Although
vapor property data are not important for NGNP applications, with the relatively minor exception
of a small amount of salt vapor in a noncondensable cover gas, vapor property data are required
by ATHENA because of its origins for simulating two-phase phenomena in light water.

The simplified equation of state assumes that the liquid density is a function of temperature and
pressure based on correlations developed by ORNL and that the liquid heat capacity is constant.
The vapor is assumed to have the same composition as the liquid and is assumed to be a perfect
gas. One limitation of the simplified equation of state is that it cannot accurately represent the
entire thermodynamic range of possible pressures and temperatures, which results in
discontinuities near the critical point. This limitation should not be too serious for NGNP
applications, where boiling will be avoided and the state should remain far from critical.



The remainder of this report describes the fluid properties for the four molten salts, the
verification of the implemented fluid properties, the code modifications that were made to
ATHENA, the quality assurance, conclusions, and references.

2. FLUID PROPERTIES

ATHENA accesses salt thermodynamic properties through tables located in auxiliary files called
‘tpfms1’ for the first molten salt, ‘tpfms2’ for the second molten salt, and so forth. The required
fluid properties include specific volume, v (m’/kg); specific internal energy, u (J/kg); coefficient
of thermal expansion, # (1/K); isothermal compressibility, x (1/Pa); specific heat capacity at

constant pressure, ¢p (J/kg-K); and specific entropy, s (J/kg-K). The coefficient of thermal
expansion and isothermal compressibility are defined as

_lfdv) __1(dp

ﬂ‘v(dTl p[dep @

and

KE_l(d_V] :i(d_pJ , )
vidP ). p\dP);

where T is the temperature (K), P is the pressure (Pa), and p is the density (kg/m”).

The calculation of these properties for the liquid and vapor phases are described in Sections 2.1
and 2.2, respectively. The properties required to define the saturation line are described in
Section 2.3. Transport properties are described in Section 2.4.

2.1 Liquid Thermodynamic Properties

Powers et al. (1963), Cantor et al. (1968), and Cantor (1973) present correlations for the liquid
density of the form

pr =Ap(T-273.15)+B, , 3)
where p; is the density as a function of temperature and Aand B, are constants that depend

on the salt. Cantor et al. (1968) also present correlations for the isothermal compressibility of
LiF-BeF, and NaBF,-NaF that have the form

o= AL @

where A _and B _are constants. The simplified equation of state used here represents the effects
of temperature and pressure on liquid density as

p=p:[l+xP-P)], Q)

where P, is a reference pressure that is defined in Section 2.3. Although the isothermal
compressibility is small for a liquid, and could be neglected, the use of Equation (5) allows a



more consistent calculation of the density and the isothermal compressibility than would be
obtained using only Equation (3). The isothermal compressibility is calculated from Equation (4)
rather than by combining Equations (2) and (5). The difference is small (<1%) and using
Equation (4) allows the isothermal compressibility to remain a function of temperature alone,
consistent with the ORNL correlation.

The specific volume, which is required by ATHENA, is calculated as

v=— . (6)

Table 1 summarizes the liquid properties for the four salts implemented into ATHENA, including
their composition and melting temperature, T The density constants used in Equation (3) are

melt *
also listed in the table. These density constants were based on experimental data taken between
788 and 1093 K for LiF-BeF, and between 673 and 864 K for NaBF,-NaF. The experimental
range for the other salts is not known. Estimates of uncertainty vary between 2% (Cantor et al.
1968) and 5% (Powers et al. 1963).

Table 1. Constants for liquid salts.

Salt Composition T et Ap Bp A, B, Cp
(mole fraction) (K) |(kg/m’K)| (kg/m’) | (1/Pa) | (1/K) | (J/kg-K)
1 LiF-BeF, 731.15* | -0.4884° | 2279.7° | 2.3E-11* | 0.001* | 2386
(0.66,0.34)"
2 NaBF,-NaF 658.15* | -0.7110° | 2252.1° [ 9.0E-11* [ 0.0016* | 1507°
(0.92, 0.08)*
3 LiF-NaF-KF 727.15° | -0.73° 2530° NA‘ NA‘ 1884°
(0.115, 0.465, 0.42) ¢
4 NaF-ZrF, 783.15° | -0.93° 3790° NA¢ NA¢ 1151°
(0.50, 0.50)°
a. From Cantor et al. (1968).
b. From Cantor (1973).
c. From Powers et al. (1963).
d. Not available. The constants were set to the values for LiF-BeF,.

The constants used to calculate the isothermal compressibility from Equation (4) are also listed in
Table 1. The correlations for LiF-BeF, and NaBF,-NaF were based on estimates by Cantor et al.
(1968). They estimated that the uncertainty was a factor of 3 and indicated that the correlations
were less reliable for pressures exceeding 5 MPa. Correlations were not available for the other
molten salts. The constants for these salts were arbitrarily set to the values for LiF-BeF.,.

The coefficient of thermal expansion was calculated using Equations (1), (3), (4), and (5) to
obtain

_ [Ap  Bx(P-Py)
= [pT +1+K(P—P0)J ' ™

The specific heat capacity for each molten salt is also given in Table 1. Cantor et al. (1968)
estimated an uncertainty of 3% for LiF-BeF, and 2% for NaBF,-NaF. Powers et al. (1963)
estimated an uncertainty of 10% for the other molten salts.



The change in specific internal energy from a reference state to a given pressure, P, and
temperature, T, was calculated as the sum of two steps. The process consisted of a reversible,
isothermal change in pressure from the reference pressure, P, to the given pressure followed by

a reversible, isobaric change in temperature from the reference temperature, T, to the given

temperature. For the first step, the change in specific internal energy, Au, , is (Zemansky 1968)
P P

AuI:Q—W:—TIVﬁdP— j-w@dp, (8)
P, P,

where Q is the heat added to the fluid per unit mass and W is the work performed by the fluid per

unit mass during the process. Because the values inside the integrals are nearly independent of
pressure for a liquid, they are treated as constants yielding

Au, = -TVB(P-P,) +0.5vK(P* - P,%), 9)
where the overscore denotes that average values are used. Note that an exact integration of
Equation (8) could have been performed because the functional forms of the parameters inside the
integral were explicitly specified. However, the differences between Equation (9) and the exact
solution are not significant.

The specific internal energy change for the second step in the process, Au, , was calculated
applying the first law of thermodynamics and assuming that the specific heat capacity was
constant. During the isobaric process (Zemansky 1968),

Au, =cp (T-Ty)-P(v-v,), (10)

where v and v, are evaluated from Equation (6) at P and T and P and T, respectively. The
specific internal energy is then calculated as

u=ugp +Au, +Au, , (11
where uy, is a reference liquid specific internal energy that is evaluated at Pyand T, .

The specific entropy is calculated similarly as (Zemansky 1968)

P
As, =—Iﬂvsz—EV(P—PO) (12)
Py
! C
As, = J-?PdT:cpln(T/To) (13)
To
and
S=Sp +As, +As, , (14)



where sy, is a reference liquid specific entropy that is evaluated at Pyand T, .
2.2 Vapor Thermodynamic Properties

References presenting measurements or correlations for physical properties of salt vapors were
not located. Consequently, vapor thermodynamic properties were calculated using perfect gas
relationships, which imply that the specific internal energy is a function of temperature alone and
that the specific heat capacity is constant. The composition of the vapor is also assumed to be the
same as that of the liquid. As mentioned previously, vapor properties are not expected to be
important for NGNP applications so approximate methods are considered satisfactory. Large
uncertainties should be expected if ATHENA is applied to conditions where the vapor properties
are important.

The molecular weight, M, of the gas mixture is calculated as (Zucrow and Hoffman 1976)
M=>XM, , (15)

where M, is the molecular weight of the i" component in the mixture and X, is the corresponding
mole fraction given in Table 1. The gas constant for the mixture, R, is calculated as

, (16)

where R is the universal gas constant. The specific volume of the vapor is calculated using an
ideal gas relationship

_RT
T

v

(17)

The coefficient of thermal expansion is calculated by combining Equations (1) and (17) to obtain

1
= 18
B T (18)
Similarly, the isothermal compressibility is calculated as
1
K=— . 19
P (19)
The mass fraction, x; , of each component in the mixture is calculated as
X M.
X, =—+ L 20
Y (20)

and is used to calculate the specific heat capacity of the mixture



Cp :ZiXiCPi (21)
(Zucrow and Hoffman 1976).

The parameters used for the individual components contained in the molten salts are given in
Table 2. These parameters include the molecular weight, M. , and the molar specific heat

capacity, Cp;. The specific heat capacity is treated as a constant even though Chase (1998) and

Knacke et al. (1991) show that it varies somewhat with temperature. The specific heat capacity
varies by less than +/- 5% between 800 and 1300 K, which encompasses the range of interest for
the NGNP.

Table 2. Parameters for vapor components.

Component M; Cp,
(g/mole) (J/mole-K)
LiF 25.939° 36.888°
BeF, 47.009° 58.728"
NaBF, 109.808° 112.989°
NaF 41.988° 37.699°
KF 58.097° 37.846°
ZrF, 167.214" 105.459°
a. From Chase (1998).
b. From Chase (1998). The specific heat capacity was evaluated at 1000 K.

c. The specific heat capacity of NaBF, was calculated assuming an equimolar mixture of
NaF and BF; (Knacke et al. 1991) using Equations (15), (20), and (21). The specific heat
capacity of BF; was obtained from Knacke et al. (1991) at 1000 K and was 75.29 J/mole-
K. The molecular weight of BF; was obtained from Glasstone and Sesonske (1967) and

was 67.820 g/mole.

The constants for the vapor mixtures are summarized in Table 3. The table includes the
molecular weight calculated from Equation (15), the gas constant calculated from Equation (16),

and the specific heat capacity calculated from Equation (21).

Table 3. Constants for salt vapors.

Salt Composition M R Cp
(mole fraction) (g/mole) (J/kg-K) (J/kg-K)

1 LiF-BeF, 33.103 251.17 1339.
(0.66,0.34)

2 NaBF,-NaF 104.383 79.653 1025.
(0.92, 0.08)

3 LiF-NaF-KF 46.908 177.25 803.0

(0.115, 0.465, 0.42)

4 NaF-ZrF, 104.601 79.486 684.3

(0.50, 0.50)




The change in specific internal energy from a reference state to a given pressure, P, and
temperature, T, is calculated as the sum of two steps. The process consists of an isobaric change
in temperature from the reference temperature, T, to the given temperature followed by a

isothermal change in pressure from the reference pressure , P, to the given pressure. For the first
step, the change in specific internal energy, Au, , is (Zucrow and Hoftman 1976)

T

Au, = j(cp ~R)dT =(c, ~R)T-T,). (22)
To

The specific internal energy change for the second step in the process, Au, , is

Au, =0 (23)

because the specific internal energy does not depend on pressure for a perfect gas. The specific
internal energy is then calculated as

u=u,, +Au, +Au, , (24)
where u,, is a reference vapor specific internal energy that is evaluated at Pyand T, .

The specific entropy is calculated as (Zucrow and Hoffman 1976)

T

T
As, = IC"d = ¢, In(T/T,) (25)
T
To
P
R
As, =— jgdp —-RIn(P/P,) (26)
Py
and
S=8, +As; +As, 27

where s, is a reference gas specific entropy that is evaluated at Pyand T, .
2.3 Saturation Line

Cantor et al. (1968) present correlations for the vapor pressure that have the form

Psat = 13332 X lo(Asut_Bsm/T) (28)



and B

on the salt. The uncertainty in the vapor pressure was estimated to be a factor of 10 from 773 to
973 K for LiF-BeF, and 10% from 673 to 973 K for NaBF,-NaF.

where the subscript sat refers to saturation conditions and A are constants that depend

sat sat

Solving Equation (29) for the saturation temperature, T, , yields
B
Tsat = = : (29)
A, +log,,(133.32) - log,,(P)
Cantor et al. (1968) presents values for the constants A, and B, for LiF-BeF, and NaBF,-NaF

as shown in Table 4. Values are not available for the other salts.

Table 4. Saturation line constants.

Salt Composition A Bt
X
1 LiF-BeF, 9.04 10500
2 NaBF,-NaF 9.024 5920
3 LiF-NaF-KF NA*? NA*?
4 NaF-ZrF, NA*? NA*?

a. Not available. The constants were set to the values for LiF-BeF,.

The saturation line was used to define the triple and critical points. The triple point temperature
was set to the melting temperature given in Table 1. The triple point pressure was then calculated
from the triple point temperature using Equation (28). The reference values of T, and P, used

previously were set to the triple point values.

The critical point was also defined using the saturation line. First, the temperature of the boiling
point, T, ; , was calculated from Equation (29) at atmospheric pressure. The critical

temperature, T_ .. , was then estimated from empirical relations given by Bird et al. (1960)

crit »

1.15T

crit :ﬁ boil — 1‘494Tboil . (30)

The critical pressure was then calculated from the critical temperature using Equation (28).

The resulting values for the triple and critical points are given in Table 5. The uncertainties in the
estimated critical conditions are large because Equation (30) is empirical, large extrapolations in
the vapor pressure curves are required for LiF-BeF, and NaBF,-NaF, and vapor pressure curves
are not available for the other salts. For example, Chen et al. (1992a) predicted critical values of
4498.8 K and 19.85 MPa for LiF-BeF, using the soft sphere model, which are more than two
times and ten times the corresponding values presented in Table 5. The critical values from the
soft-sphere model were not used here because they were inconsistent with the available vapor
curve after the required extrapolation. Furthermore, no critical values were available for the other
molten salts. The uncertainty in the critical conditions should not be too much of a concern for



NGNP applications, where expected temperatures are much below the critical values shown in
Table 5.

Table 5. Values for the triple and critical points.

Salt Composition Ty Py Terit Perit
(X) (Pa) (X) (Pa)
1 LiF-BeF, 731.15 6.367E-4 2138.9 1.8023E6
2 NaBF,-NaF 658.15 142.6 1439.8 10.895E6
3 LiF-NaF-KF 727.15 5.308E-4 2138.9 1.8023E6
4 NaF-ZrF, 783.15 5.721E-3 2138.9 1.8023E6

Table 6 gives reference values for the specific internal energy and specific entropy referred to in
Equations (11), (14), (24), and (27). The reference values correspond to the liquid and vapor
states at the triple point. The liquid values were set to zero at the triple point. The vapor values
were set so that the difference between the vapor and liquid values were approximately zero at the
critical point. Other fluid properties will exhibit large discontinuities when going from the liquid
phase to the vapor phase near the critical point. Thus, calculations near the critical point should
be avoided.

Table 6. Reference values for specific internal energy and specific entropy.

Salt Composition Ug St Ugo S0
(J/kg) (J/kg-K) (J/kg) (J/kg-K)
1 LiF-BeF, 0.0 0.0 1.827E6 6590
2 NaBF,-NaF 0.0 0.0 4.358E5 1271
3 LiF-NaF-KF 0.0 0.0 1.775E6 5056
4 NaF-ZrF, 0.0 0.0 7.402E5 2024

2.4 Transport Properties

ATHENA requires five transport properties for each fluid, including liquid dynamic viscosity,
liquid thermal conductivity, surface tension, vapor dynamic viscosity, and vapor thermal
conductivity.

Cantor et al. (1968), Cantor (1973), and Powers et al. (1963) present correlations for the liquid
dynamic viscosity, ¢, that have the form

U= Aﬂe(B"/T) (1)
where A and B, are constants that vary between salts. The uncertainty is estimated to be

between 10% (Powers et al. 1963) and 15% (Cantor et al. 1968). The correlation for NaBF,-NaF
was based on data taken between 682 and 810 K (Cantor 1973). The correlation for LiF-NaF-KF



applies between 773 and 1073 K (Powers 1963). The correlation for NaF-ZrF, applies between
873 and 1073 K (Powers 1963). A range was not given for LiF-BeF,, but it is expected to be
similar to the other salts.

ORNL reports constant values for the liquid thermal conductivity, k. Estimates of uncertainty
vary from 10% to 50% (Cantor et al. 1968). The constants for the transport properties of the

liquid salts are given in Table 7.

Table 7. Constants for transport properties of liquid.

Salt Composition A, B, k
(Pa-s) (K) (W/m-K)

1 LiF-BeF, 1.16E-4° 3755° 1.1°

2 NaBF,-NaF 8.77E-5° 2240° 0.5°

3 LiF-NaF-KF 4.0E-59 4170°¢ 0.8°

4 NaF-ZrF, 7.09E-5¢ 4168° 1°
From Cantor et al. (1968).
From Williams (2004).
From Cantor (1973).

From Powers (1963).
Average of the values reported by Williams (2004).

oo o

Cantor et al. (1968) present correlations for the surface tension, o, that have the form
oc=A_(T-273.15)+B, (32)

where A and B are constants that vary between salts. The uncertainty is estimated to be +30,-

10% for LiF-BeF, and £30% for NaBF,-NaF. Correlations were not available for the other
molten salts. The constants for the surface tension are given in Table 8.

Table 8. Constants for surface tension.

Salt Composition Aq B,
(N/m-K) (N/m)
1 LiF-BeF, -1.2E-4* 0.260°
2 NaBF,-NaF -7.5E-5° 0.130*
3 LiF-NaF-KF NAP NAP
4 NaF-ZrF, NAP NAP

a. From Cantor et al. (1968).
b. Not available. The constants were set to the values for LiF-BeF,.

Measurements or correlations were not found for the transport properties of salt vapors.
Consequently, the transport properties are based on Chapman-Enskog theory of gases at low
density (Bird et al. 1960). The dynamic viscosity of the i™ vapor component, 4, (in Pa-s), is

given by

10



JM.T
p; =2.6693x107° ~—— | (33)
c. Q.

1 1

where M, is the molecular weight given in Table 2, o; is the collision diameter of the molecule

, given in Table

in A, andQ;is a slowly varying function of dimensionless temperature, T/ (%j

i

B-2 of Bird et al. (1960), where % is the potential constant.

1

Values for the collision diameter and the potential constant were estimated from empirical
relationships given by Bird et al. (1960). The empirical estimates were

&

< =192To, (34)
and
o, =122V (35)

where V is the volume of the solid at the melting point (in cm’/mole). The parameters used in
calculating the dynamic viscosity of each vapor component are summarized in Table 9. For
convenience, Table 8 repeats the molecular weight and specific heat capacity values given in
Table 2.

Table 9. Parameters used for calculating the dynamic viscosity of the vapor components.

Component M; Cp; Tonert* A g o;
(g/mole) (J/mole-K) (X) (cm’/mole) Ei ( X)

(K)
LiF 25.939 36.888 1121.3 13.61 2153 2.92
BeF, 47.009 58.728 825 22.78 1584 3.46
NaBF, 109.808 112.989 680 52.90 1306 4.59
NaF 41.988 37.699 1269 20.48 2436 3.34
KF 58.097 37.846 1131 28.90 2172 3.75
ZrF, 167.214 105.459 1205 51.09 2314 4.53

a. From Chase (1998), except that the value for NaBF, was obtained from Cantor et al.
(1968).

b. The specific volume was generally estimated from the liquid density equations given by
Lide (1997), multiplied by a factor of 0.95 to account for expansion on melting. The
factor of 0.95 was based on a value given by Cantor (1973) for NaBF,-NaF. The specific
volumes for NaBF, and ZrF, were extrapolated from values given by Cantor (1973). The
specific volume for NaBF, was multiplied by 0.95 to account for expansion on melting.

c. From Equations (34) and (35).
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The dynamic viscosity of the vapor mixture, .. , is calculated using the formulas given by Bird
et al. (1960)

o X
i =D (36)
i=1
XjCD i
j=1

and

M -1/2 12 M 1/4 2
q)ij = L 1+ i 1+ i i , (37)
\/g Mj H; M,

where n is the number of components and ; and ; are the viscosity of components i and

respectively.

The thermal conductivity of the i™ vapor component, k; in W/m-K, is given by the Eucken
equation for a polyatomic gas at low density (Bird et al. 1960)

k, =1000{ S, + 2R |4 (38)
4 )M,

1

where the molar specific heat capacity and molecular weight are given in Table 9 and the
viscosity is obtained from Equation (33). The thermal conductivity of the mixture, k

mix ° 1S

calculated using the formula given by Bird et al. (1960)

kmix zznl:n)(# (39)
- Z;qu’ij
p

where @ is calculated from Equation (37).

The transport properties for the molten salts in ATHENA are represented in the ‘new’ format
(Davis et al. 2004), in which the transport properties are contained in the ‘tpf” files, rather than in
the ‘old’ format, in which the transport properties are calculated in Subroutines ‘viscos’, ‘thcond’,
and ‘surftn’.

3. VERIFICATION

The verification of the thermodynamic properties is discussed in Section 3.1. The verification of
the transport properties is discussed in Section 3.2.
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3.1 Thermodynamic Properties

The thermodynamic properties for LiF-BeF, implemented into ATHENA were verified by
comparisons with properties obtained with the generator developed by Moore (2000) that used
the soft-sphere model of Chen et al. (1992a). Liquid properties obtained with Equations (1)
through (14) are compared with results from the soft-sphere model in Figures 1 through 6. The
specific internal energy and the specific entropy from the soft-sphere model were adjusted so that
they were zero at the melting point as assumed in Equations (11) and (14). Overall, the results
obtained with the simple generator were in reasonable agreement with those obtained with the
soft-sphere model. The maximum deviations in the primary variables of specific volume and
specific internal energy were 5% and 1%, respectively. As expected, the deviations in the
derivatives of the specific volume were larger than those of the specific volume, but were still
considered acceptable. The maximum deviations in the coefficient of thermal expansion and
isothermal compressibility were 37% and 16%, respectively. The maximum deviation in the
specific heat capacity at constant pressure was 6%. The maximum deviation in the specific
entropy was 1%.
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Figure 1. Specific volume of saturated LiF-BeF, liquid.
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Figure 2. Specific internal energy of saturated LiF-BeF, liquid.
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The results obtained with the simple generator for LiF-BeF, vapor were not in as good agreement
with the soft-sphere model as those presented previously for liquid. This is to be expected
because of the lack of underlying measurements for vapor. Figure 7 compares the specific
volume predicted by the simplified model with that obtained from the soft-sphere model.
Although the trends with respect to temperature were similar with both models, the specific
volume predicted by the simplified model was about three times greater than that predicted by the
soft-sphere model. This discrepancy was caused by the use of different molecular weights, which
resulted in different gas constants. Chen et al. (1992a) treated the salt as a compound consisting
of two molecules of LiF and one molecule of BeF», resulting in a molecular weight of 98.89
g/mole. The approach used here was to treat the salt as a mixture of LiF and BeF, which yields a
molecular weight of 33.1 g/mole as shown in Table 3. This approach is consistent with that used
by Cantor (1973) and Powers et al. (1963) and should give a better representation of the salt
vapor, which is a mixture of LiF and BeF,. Note that Chen et al. (1992a) were interested in the
properties of the liquid salt, and not the vapor. Also note that the assumption made here (that the
composition of the vapor is the same as that of the liquid) is not generally correct for a binary
mixture. Consequently, the uncertainties in vapor properties are expected to be relatively large.
However, as mentioned previously, predictions of vapor properties are not expected to be
important for NGNP applications.
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100 ——— Simplified model

Specific volume (m3/kg)
S
1

10‘ 1 1 ! 1 !
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Temperature (K)
Figure 7. Specific volume of saturated LiF-BeF, vapor.

Figure 8 compares the specific internal energy of the vapor predicted by the simplified model
with that obtained from the soft-sphere model. The primary difference between models is that
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about three times more energy is required to convert the liquid into vapor in the soft-sphere
model. The results from the soft-sphere model are probably more accurate because the amount of
energy required to vaporize the liquid at atmospheric pressure was used in the development of the
fitting coefficients for the soft-sphere model. The lower value used here was a consequence of
trying to obtain the same vapor and liquid values at the estimated critical point. Although more
accurate results could have been obtained for LiF-BeF, using values from the soft-sphere model,
the approach taken here was to apply a simple approach that could be used for all four salts. As a
consequence, the results from the simplified model are not expected to be accurate during boiling,
but boiling should not occur during NGNP applications.
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Figure 8. Specific internal energy of saturated LiF-BeF, vapor.

The other thermodynamic properties for the LiF-BeF, vapor are shown in Figures 9 through 12.
The maximum deviations in the coefficient of thermal expansion and isothermal compressibility
occurred near 2000 K and were 20% and 40%, respectively. The maximum deviation for the
specific entropy was 70%. The different trends calculated for the specific entropy were caused by
the different molecular weights discussed previously.
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Figure 9. Coefficient of thermal expansion of saturated LiF-BeF, vapor.
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The implementation of the other salts was verified by comparing the output of the simplified
ATHENA generator with hand calculations using Equations (1) through (29). The comparisons
showed agreement to at least five significant digits. The properties for the four liquid salts are
compared in Figures 13 through 18. Figures 19 through 24 compare properties for the vapors.
The saturation lines are compared in Figure 25. Properties of LiF-BeF, were used when
correlations were not available for individual salts.
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3.2 Transport Properties

The implementation of the transport properties for the salts was verified by comparing the output
of the simplified ATHENA generator with hand calculations using Equations (31) through (39).
The comparisons showed agreement to at least five significant digits. The transport properties of
the liquids are based on measurements and expected to be within the uncertainties described in
Section 2.4. However, no data are available for comparison with the calculated transport
properties of the vapor. Large uncertainties are possible. Furthermore, approximate methods
were used to obtain the potential constant and collision diameter used in Equation (33). Chen et
al. (1992b) reported values of the potential constant and collision diameter that were about 78%
and 65% of the values shown in Table 9 for LiF and BeF,, but corresponding values could not be
located for the other components. The dynamic viscosity and thermal conductivity of LiF-BeF,
would have been almost three times larger if the values of Chen et al. had been used here.
Although large uncertainties are expected in the calculated transport properties because of the
lack of experimental data, the uncertainties should not be important for NGNP applications,
where liquid conditions are expected.

The transport properties for the liquid salts are compared in Figures 26 and 27. Figures 28 and 29

compare vapor properties. The surface tension is shown in Figure 30. Properties of LiF-BeF,
were used when correlations were not available for individual salts.
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4. CODE MODIFICATIONS
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Several modifications were made to ATHENA to represent the new molten salts, which are
internally referred to as ‘Fluid 23°, ‘Fluid 24°, ‘Fluid 25°, and ‘Fluid 26°. New files were added
to the fluids directory including ‘stgms.F’ and ‘stgms1.F’, which generate property tables for the
first molten salt, and ‘stgms1.i’, which contains the input pressures and temperatures. The
‘stgms.F’ file is used in the property generation for all the molten salts, while the unique data
required for the first molten salt is contained in the ‘stgms1.F’ file. The file named ‘dstgxxx’ in
the fluids directory was modified to combine the ‘stgms1.F’ and ‘stgms.F’ files into a single file,
compile and load it to create the executable file ‘stgms1.x’, and then execute it to generate the
output files ‘tpfms1’ and ‘stgmsl.pr’. The ‘dstgxxx’ file was also modified to create the fluid
property and output files for the other molten salts, which are named similarly to the first molten
salt.

Further modifications were performed so that ‘ms1’, ‘ms2’, ‘ms3’, and ‘ms4’ are valid input
selections. In the relap directory, the common deck files ‘mxnfcd.H’ and ‘stcblke.H” were
modified as were the subroutines ‘blkdta.F’ and ‘gninit1.F’. The subroutines that make calls to
the various state routines were also modified to allow Fluids 23 through 26 to be used. These
subroutines include ‘dittus.F’, ‘mhdfwf.F’, ‘surftn.F’, “viscos.F’, ‘thcond.F’, ‘bishop.F’,
‘chfitr.F’, ‘chfcal.F’, ‘chforn.F’, ‘fwdrag.F’, ‘gcsub.F’, ‘gctpm.F’, ‘gniel.F’, ‘ivlvel.F’, ‘jacksn.F’,
‘neprop.F’, ‘nonend.F’, ‘petukv.F’, ‘pintfc.F’, ‘prebun.F’, ‘prednb.F’, ‘pstdnb.F’, ‘sieder.F’,
‘htren2.F’, ‘vexplt.F’, ‘vlvela.F’, ‘istate.F’, ‘stacc.F’, ‘stateq.F’, ‘jchoke.F’, ‘tstate.F’, and
‘statep.F’.

The user can select a molten salt as a working fluid in a hydrodynamic system by entering ‘ms1’,
‘ms2’, ‘ms3’, or ‘ms4’ as the third input word on the Hydrodynamic System Control Cards
(Cards 120 through 129). The property files are attached as ‘tpfms1’ for the first molten salt
(LiF-BeF,), ‘tpfms2’ for the second molten salt (NaBF,-NaF), ‘tpfms3’ for the third molten salt
(LiF-NaF-KF), and ‘tpfms4’ for the fourth molten salt (NaF-ZrF,).

5. QUALITY ASSURANCE

The method used to calculate the properties for the molten salts was independently reviewed.
This review included checking the equations and the input and output contained in the various
tables of this document. The liquid properties predicted by the generator for LiF-BeF, were
verified as described in Section 3. The property predictions for the other salts were verified by
determining that the input data contained in the ‘blkdat’ routine of the generator for each salt was
consistent with the data contained in the tables. The vapor properties predicted by the generator
were not specifically reviewed because they are relatively uncertain and not important for NGNP
applications.

6. CONCLUSIONS

Four molten salts were added to the RELAPS-3D/ATHENA computer code to support analysis of
the NGNP. The molten salts include LiF-BeF, in a molar mixture that is 66% LiF and 34% BeF,,
respectively, NaBF,-NaF (92% and 8%), LiF-NaF-KF (11.5%, 46.5%, and 42%), and NaF-ZrF,
(50% and 50%). The first and fourth salts are currently being considered for the primary coolant
in the Advanced High-Temperature Reactor. The second and third salts are being considered for
the heat transport loop in the NGNP.

The molten salts were implemented into ATHENA using a simplified equation of state. Liquid

properties were based on correlations obtained from ORNL. The liquid density was assumed to
be primarily a function of temperature. The specific heat capacity at constant pressure was
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assumed to be constant. Vapor properties were based on perfect gas assumptions. The use of a
simplified equation of state allows the property generator to be easily modified to represent other
molten salts or as better thermophysical data become available for the selected salts. The
simplified equation of state could also be modified to easily represent any fluid where the liquid
phase was of primary interest.

The implementation of the thermodynamic properties into ATHENA for LiF-BeF, was verified
by comparisons with results from a detailed equation of state developed that utilized a soft-sphere
model. The comparisons between the simplified and soft-sphere models were in reasonable
agreement for liquid. The maximum deviations were less than 6% for specific volume and
specific heat capacity at constant pressure and less than 1% for specific internal energy and
specific entropy. The deviations in the derivatives of the specific volume were larger than those
of the specific volume itself, but were still considered acceptable. Similar results are expected for
the other salts. The accuracy of the implemented liquid transport properties depends on the
uncertainty in the underlying correlations, which were estimated to be 10 to 15% for dynamic
viscosity and up to 50% for thermal conductivity.

The agreement for the vapor properties was not nearly as good as that obtained for liquid.
Deviations in vapor properties were up to a factor of three. Large uncertainties are possible in the
vapor properties because of a lack of experimental data. The simplified model used here is not
expected to be accurate for boiling or single-phase vapor conditions. However, neither condition
is expected during NGNP applications. Therefore, the simplified equation of state is considered
acceptably accurate for the analysis of the NGNP.

The code’s current heat transfer and friction factor correlations have been validated primarily for
applications utilizing water as the working fluid. An evaluation should be performed to
determine the applicability of these correlations for cases using a molten salt as the working fluid.
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